IMPORTANCE Vitamin D deficiency has been associated with hypertension, diabetes mellitus, and incident stroke. Little is known about the association between vitamin D and subclinical cerebrovascular disease. EXPOSURES The 25(OH)D level was measured by mass spectrometry at visit 3, with levels adjusted for calendar month and categorized using race-specific quartiles.
cause of their wide variability in prevalence among older adults and their associations with cardiovascular disease (CVD) risk factors and prior stroke, WMHs are believed to be at least partially preventable through identification and treatment of modifiable risk factors. 1 White matter hyperintensities, even in the absence of obvious neurologic deficits, are associated with reduced functioning on cognitive testing and subjective mental decline. 2 Furthermore, progression of WMHs has a stronger association with persistent cognitive impairment than a single measure of WMHs. 3 In the Atherosclerosis Risk in Communities (ARIC) Brain MRI study, Mosley et al 4 found that both high-grade WMHs and silent infarcts seen on brain MRI were independently associated with lower scores on cognitive testing. Among a subset of these ARIC Brain MRI study participants who underwent brain MRI imaging a second time 10 years later, worsening status indicated on MRI, including WMH progression and incident subclinical infarction, was significantly associated with neurologic symptoms during follow-up. 5 Thus, the identification of novel and modifiable risk factors (eg, potential vitamin D deficiency) associated with silent infarcts, WMHs, and their progression could have important clinical implications.
Cumulative systolic blood pressure is a strong predictor of WMH progression, 6 and adequate vitamin D status may play an important role in blood pressure regulation. In mice, activated vitamin D is an inhibitor of the renin-angiotensin system. 7 Observational studies 8 have linked low serum 25-hydroxyvitamin D (25[OH]D) levels with incident hypertension. Numerous observational studies and meta-analyses have found low 25(OH)D levels to be associated with CVD risk factors 9 and increased risk for CVD events. 10 Emerging data suggest that vitamin D also may be important for cognitive functioning 11 and protective against neurovascular injury. 12 Low 25(OH)D status is associated with increased risk for symptomatic ischemic stroke. 13, 14 However, despite the association of vitamin D with clinical stroke, very little is known about the relationship of 25(OH)D with subclinical cerebrovascular abnormalities. Only one small (N = 318) cross-sectional study 15 among elderly adults receiving home care services found that lower vitamin D levels were associated with increased WMH volume and severity and the prevalence of large-vessel infarcts. However, reverse causation may be one plausible explanation for the association found because sicker individuals are less likely to be able to participate in physical activity outdoors and exposure to sunlight. 16 Therefore, further exploration of the relationship between presymptomatic cerebrovascular abnormalities and vitamin D levels is needed to determine whether there might be a window for preventing clinically symptomatic disease. We set out to examine both the cross-sectional and prospective associations of vitamin D levels with cerebrovascular brain MRI abnormalities among participants in the ARIC Brain MRI ancillary study. We hypothesized that vitamin D deficiency would be associated with a higher prevalence of WMHs and subclinical infarcts at baseline and with increased progression of WMHs and increased risk of silent brain infarcts over time. We hypothesized that this association of low vitamin D and subclinical cerebrovascular disease would be mediated through vascular risk factors, particularly hypertension.
Methods

Participants
The ARIC study was a prospective, population-based study of CVD, which at baseline recruited 15 792 middle-aged, predominantly black and white participants in 4 US communities in [1987] [1988] [1989] . 17 The ARIC Brain MRI ancillary study is a subset of ARIC study cohort participants aged 55 years or older from the Forsyth County, North Carolina, and Jackson, Mississippi, sites who were invited for a cerebral MRI and cognitive testing during ARIC visit 3 (1993-1994 6 Blood samples were collected during each full cohort visit under careful conditions. Serum or plasma was separated at 4°C and promptly stored at −70°C. For the purposes of these analyses, ARIC visit 3 (the date of the first brain MRI) was considered the baseline time point for the ARIC Brain MRI study. Of the 1934 participants with brain MRI data at ARIC visit 3, we excluded those with a history of stroke (n = 44), including 12 individuals who had an ARIC-adjudicated clinical stroke between visit 1 and visit 3 and 32 who had a self-reported stroke before visit 1. We additionally excluded those with missing stored serum samples, an insufficient amount of serum for 25(OH)D measurement, samples that did not pass internal quality control measures (n = 165), participants of self-reported nonwhite and nonblack race (n = 5), and participants missing covariates included in statistical models (n = 98). This left a total of 1622 participants with measured 25(OH)D levels and interpretable brain MRIs at visit 3 for cross-sectional analyses and 888 with a second brain MRI available for prospective analyses.
The institutional review boards at all ARIC study sites approved study protocols, and all participants provided written informed consent. Participants received financial compensation. 
Laboratory Assays
Brain MRI
The ARIC Brain MRI ancillary study cerebral MRI scanning protocol has been described. 4 6 Because quantitative WMHs were not available for visit 3 scans, WMH volume scores were imputed for visit 3 (using the qualitative scores from both brain scans and the quantitative volume from the second MRI), as previously described. 6 At both ARIC Brain MRI study visits, the MRIs were also scored separately for subclinical infarcts by size and location. Because abnormalities smaller than 3 mm could not be reliably detected on MRI, infarcts considered in these analyses were lesions of 3 mm or more. 19 Incident infarcts were defined as those seen on the second brain MRI among individuals with no infarcts on their first brain MRI.
Other Clinical Covariates
A physical examination including blood pressure, body mass index (BMI), and waist circumference was performed at visit 3 per standard ARIC protocol. 17 20 and a composite score (ranging from 1 to 5) was used to qualitatively assess leisure time intentional exercise through sports-related activities; scoring was based on frequency and intensity, with 5 being the highest score. The 10-year coronary heart disease risk and 10-year stroke risk using the respective Framingham equations were calculated for all participants. Lipid levels were remeasured at ARIC visit 3. Comprehensive metabolic panel (for creatinine to estimate glomerular filtration rate [eGFR]) and high-sensitivity C-reactive protein were not measured at visit 3, so ARIC visit 2 data (1990-1992) were used for these laboratory variables. The eGFR was estimated using the Chronic Kidney Disease Epidemiology Collaboration formula. 21 
Statistical Analysis
Levels of 25(OH)D are known to vary by season. 9 Therefore, we adjusted 25(OH)D for seasonal changes by computing the residuals from a linear regression model with 25(OH)D as the dependent variable and month of visit as the independent variable. The residuals were added back to the overall mean to determine an estimated annual 25(OH)D value. We performed this adjustment separately for whites and blacks because 25 (OH)D concentrations vary by race. This monthly adjusted vitamin D level was used in all analyses. Clinical characteristics of the ARIC Brain MRI study population were tabulated across race-specific quartiles of 25 (OH)D. We tested for linear trend across quartiles of vitamin D separately by race using linear (continuous variables reporting means), quantile (continuous variables reporting medians), logistic (binary variables), and ordered logistic (categorical variables) regression.
Using multivariable linear regression, we determined the associations of 25(OH)D with WMH grade at visit 3 and change in WMH volume during follow-up. Logistic regression was used to determine the odds of having a prevalent high WHM score (≥3) at visit 3 and the risk of an incident high WMH score (≥3) on the second MRI for participants with baseline WMH scores lower than 3 by 25(OH)D quartiles. Logistic regression also was performed to test the association of 25(OH)D with the risk of having a prevalent infarct at visit 3 or an incident subclinical infarct at the second brain MRI visit.
The regression models described above compared risk across race-specific 25(OH)D quartiles. We also evaluated associations using 25(OH)D levels as a continuous variable compared per 10-ng/mL decrease in 25(OH)D). In addition, in supplemental analyses we evaluated all associations using clinical categories of 25(OH)D: 30 ng/mL or more as sufficient, 20 to less than 30 ng/mL as insufficient, and less than 20 ng/mL as deficient.
Our primary model was adjusted for demographic factors (age and sex) and behavioral and socioeconomic variables (educational level, income, physical activity, smoking, alcohol use, BMI, waist circumference, and vitamin D supplementation). Although vitamin D supplementation contributes to 25(OH)D levels, it is also a marker of health-seeking behavior and a potential confounder in observational studies and thus was included in the model. We evaluated 2 additional models: (1) adding potential mediators (diabetes, systolic and diastolic blood pressure, use of hypertension medication, total and high-density lipoprotein cholesterol, and eGFR) and (2) adding biomarkers related to vitamin D metabolism (calcium, phosphate, and PTH levels).
Results
The unadjusted relationship of 25(OH)D levels by calendar month and race is shown in the Figure. As anticipated, blacks had lower levels of 25(OH)D than whites, and a sinusoidal pattern associated with seasonal change was demonstrated. Therefore, all subsequent analyses used monthly adjusted 25 (OH)D levels.
Clinical characteristics of study participants by racespecific quartiles of 25(OH)D are reported in Table 1 . Women had lower 25(OH)D levels than men. Among whites in the highest 25(OH)D quartile compared with the lowest, mean values for BMI and waist circumference were lower and the prevalence of diabetes was lower. In both whites and blacks, PTH was lower and mean intentional physical activity score was higher across increasing quartiles of 25(OH)D. Surprisingly, eGFR was slightly higher among the lower quartiles of 25 (OH)D in unadjusted data in both whites and blacks, but eGFR was measured at ARIC visit 2 (1990-1992) and not concurrently with 25(OH)D measurement. In the ARIC visit 3 time period (1993-1994), there was a low prevalence of reported use of vitamin D supplements, but the percentage of supplement use was higher among blacks with higher vitamin D status. Across race-specific 25(OH)D quartiles, the median WMH score was 1 in all vitamin D categories, and there were no significant differences in the prevalence of high WMH scores (≥3) or subcortical infarcts.
Characteristics of the participants stratified by race and clinical vitamin D categories (≥30 ng/mL, 20 to <30 ng/mL, and <20 ng/mL) of 25(OH)D are listed in the Supplement (eTable 1).
In adjusted cross-sectional regression analyses using ARIC visit 3 data, we did not find any associations between 25 (OH)D and WMH score ( Table 2) , prevalence of high WMH score (≥3) ( Table 3) , or prevalent subclinical infarcts of 3 mm or more (Table 4) In adjusted prospective regression analyses, we also did not find any associations of 25(OH)D measured at ARIC visit 3 with changes in WMH volume (Table 2) , risk of incident high WMH score 3 or more (Table 3) , and risk of incident subclinical brain infarcts (Table 4) 
Discussion
In contrast to our hypotheses, we did not find any association of vitamin D with subclinical cerebrovascular abnormalities in any model, including those adjusted and not adjusted for blood the topic of brain imaging and vitamin D identified only one study 15 that evaluated the specific issue. Buell et al 15 evaluated a cohort of 318 elderly individuals (23% with dementia) receiving home care services. The authors found a higher prevalence of dementia among participants with 25(OH)D deficiency. Compared with higher vitamin D levels, 25(OH)D levels of 20 ng/mL or less were associated with a higher WMH volume (4.9 vs 2.9 mL; P < .01), higher WHM grade score (3.0 vs 2.2; P = .04), and higher prevalence of large-vessel infarcts (10.1% vs 6.9%; P < .01). Notably, the findings were crosssectional and were not adjusted for CVD risk factors or other confounding lifestyle factors. In addition, the low vitamin D levels may be a consequence of limited sun exposure and reduced mobility among elderly adults with a high prevalence of dementia. 16 To our knowledge, we present for the first time the relationship between 25(OH)D levels and cerebrovascular abnormalities seen on brain MRI among a communitydwelling population free of previous clinical stroke. However, unlike the study of elderly home-care recipients by Buell et al, 15 we did not find any cross-sectional association between 25(OH)D and WMH grade or prevalent infarcts after adjustment for age, sex, and race, nor did we identify any association after more extensive adjustment for lifestyle factors, socioeconomic status, established CVD risk factors, or related mineral metabolism biomarkers. Furthermore, we present for the first time the results of the association of 25(OH)D with changes in WMH volume and incident infarcts between 2 brain scans acquired over an approximate 10-year interval. No statistically significant associations were seen regardless of whether 25(OH)D was modeled using race-specific vitamin D quartiles or clinical cut points of 25(OH)D. Similar to the Cardiovascular Health Study, 23 we noted cyclical changes in 25(OH)D levels by month across the population attributed to season. The amplitude of the sine wave for these ARIC Brain MRI participants was somewhat dampened compared with the amplitude in the Cardiovascular Health Study cohort, which is likely because these ARIC Brain MRI participants were recruited from only 2 locations (Forsyth County, North Carolina, and Jackson, Mississippi), both of relatively southern latitude, which is likely less influenced by seasonal variation compared with northern sites. Using monthly adjusted vitamin D levels provides an estimate of mean 25(OH)D level across a 12-month period. However, no significant associations were seen with cerebrovascular disease when the absolute (unadjusted) 25(OH)D value was used instead. Our study is limited by 25(OH)D levels being measured at only one point in time, but physicians typically recommend White matter score (range 0-9), median (IQR) Of the total population (N = 1622), the following variables had missing data: diabetes mellitus (n = 2), hypertension (n = 9), creatinine (n = 19), eGFR (n = 19), total cholesterol (n = 1), triglycerides (n = 1), LDL-C (n = 23), HDL-C (n = 1), 10-year coronary heart disease risk (n = 135), 10-year stroke risk (n = 95), high-sensitivity C-reactive protein (n = 202), and white matter progression (n = 734). 2 (1990-1992) .
Also, our sample size might not have been large enough to identify a moderate association between vitamin D and subclinical brain disease. Use of vitamin D supplements was low in this 
